Introduction {#Sec1}
============

Diverse and complex communities of microorganisms, known collectively as the microbiota, reside on and within every metazoan species. The occupation of higher organisms by prokaryotic and eukaryotic colonists is thought to be a key factor in driving evolution and radiation of life on Earth^[@CR1],[@CR2]^. Primarily based on human research, with a limited number of investigations in other animals, we are only just beginning to understand the complexity of the host-microbiota relationship, and how it contributes to normal physiology and homeostasis^[@CR3]^. For example, the microbiota communicates with adipocytes thus influencing obesity and insulin resistance, as well as browning (important for thermoregulation) and inflammation^[@CR4]^. It plays a role in hepatic function by modulating bile acid metabolism, lipogenesis and energy expenditure^[@CR4]^. It has an effect on insulin secretion from the pancreas and shapes whole-body growth^[@CR4]^. Interestingly, the microbiota has been shown to play an important role in changing behaviour by affecting serotonin metabolism, influencing intestinal gluconeogenesis, impacting the permeability of the blood-brain barrier, and regulating appetite^[@CR4]^. Importantly, the microbiota also primes and directs maturation of the immune system^[@CR5]^, and contributes to the function of both the innate and adaptive immune systems^[@CR1],[@CR6]^. In comparison to other vertebrates, the reptile immune system is relatively poorly understood. Like all jawed vertebrates, reptiles possess both an innate and adaptive immune system^[@CR7]^ and they also possess many of the anatomical and cellular components that higher vertebrates, such as birds and mammals, use in defending themselves from invading pathogens^[@CR7]^. Given these similarities, it may be speculated that the microbiota of reptiles has a similar effect on their immune system maturation and function as is seen in other vertebrates.

To date, most microbiota studies in sea turtles have focused on descriptions of community composition^[@CR8]--[@CR11]^, with some investigations describing changes in the microbiota in response to age and habitat use^[@CR12],[@CR13]^, as well as in health and rehabilitation^[@CR14],[@CR15]^. However, to our knowledge, there have been no attempts to link microbiota composition with specific blood parameters in sea turtles. In an endeavour to correct this deficit, we explored whether differences in microbiota composition correlated with differences in haematology and biochemistry results in two populations of nesting flatback turtles (*Natator depressus*). Listed as 'Data Deficient' by the IUCN^[@CR16]^, we know relatively little about this species but its restricted range and relatively small population size make it a useful study species. It is the single member of the genus *Natator*, and is one of only two marine turtle species that does not have a global distribution^[@CR17]^. All recorded flatback nesting beaches occur in Australia^[@CR18]^ and the species feeds widely throughout the waters of the Australian continental shelf^[@CR17]^. Four major management units have been identified for flatback turtle rookeries in Australia^[@CR17]^, with genetic analysis indicating that there is a low level of genetic variability in the species and there is limited gene flow between the rookeries^[@CR19]^.

As an indicator of immune system function, we investigated the relationships between microbial composition and red and white blood cell indices. To assess general organ function we examined how microbiota correlated with a range of biochemical parameters including aspartate aminotransferase, uric acid, creatinine kinase, total protein, glucose, calcium, phosphate, albumin, globulin, potassium, and sodium. We chose these analytes because they are recommended analytes for the assessment of health in chelonians^[@CR20]^, and are able to be measured by the Vet Scan analyzer (Abaxis, Union City, California, USA). We sampled animals from two spatially separate populations because environmental factors have been shown to influence both blood values^[@CR21]--[@CR23]^, and microbiota composition^[@CR24]--[@CR26]^ of wild animals. Thus, sampling animals from different populations was important to elucidate if any consistent correlations exist between blood analytes and microbiota.

Alterations in the microbiota have been shown to affect the fitness of humans and other species^[@CR27]^, although the implications for these variations in an ecological and conservation context are poorly understood. Improving our comprehension of the host-microbial relationship, and factors that drive dysbiosis and reduced fitness, are imperatives for modern conservation efforts^[@CR27]^. This information may be used as a screening tool to monitor how animals are able to respond, in a physiological sense, to an ever-changing world. This is especially important for sea turtles, which as a group are some of the most imperilled species on Earth^[@CR23]^.

Exploring the effects of microbiota on physiology and health in wild animals is difficult, due to the multitude of confounding factors that cannot be controlled for. These may include genetic differences between populations, environmental health, and climactic conditions. Given that there is little genetic variation between groups of flatback turtles, and on a global scale they occupy a relatively small ecological niche, we felt that they would make an ideal model species in which to study the effects of microbial composition on health indices in wild animals for which housing in a controlled laboratory environment was not possible or practical. Although the flatback turtle is the only member of the genus *Natator*, with the exception of the leatherback turtle (*Dermochelys coriacea*), it still shares a close phylogenetic relationship to all other extant species of sea turtles^[@CR28]^, and thus the results of this investigation are likely to be applicable to a range of species. Our aims were to determine and compare the microbiota and blood parameters of two flatback populations and to detect measurable relationships between the microbiota and the health of animals.

Methods {#Sec2}
=======

Ethics statement {#Sec3}
----------------

This study was approved by the Biological Sciences Animal Ethics Committee of Monash University (approval 14694), and all experiments were performed in accordance with relevant guidelines and regulations. Adult flatback turtles (*Natator depressus*) were sampled under permit WITK17730216 from the Queensland Department of Environment and Heritage Protection, and the permit 01-000121-1 from the Department of Parks and Wildlife Western Australia.

Study population {#Sec4}
----------------

Nesting flatback turtles were sampled from Crab Island, Queensland, Australia (10.9947° S, 142.1090° E) in September 2016 (n = 20), and from Port Hedland, Western Australia, (20.3107° S, 118.5878° E) in November 2016 (n = 17).

Sample collection {#Sec5}
-----------------

During the nesting season female flatback turtles came ashore to dig a nest and lay eggs, at which time we were able to collect samples when females had finished nesting and were returning to the ocean. For blood collection, an area of skin was prepared using alcohol wipes and 10 ml of blood was collected from the dorsal cervical sinus using an 18 G needle attached to a 10 ml syringe. The turtle was then flipped into dorsal recumbency, and an equine uterine swab (Minitube, Smythesdale, Victoria, Australia) was inserted into the cloaca so that it entered the distal colon. These swabs are approximately 90 cm in length and each swab was inserted to a depth of at least 60 cm. Based on previous research conducted by our research group, in which endoscopy was used to visualise the cloacal structures of sea turtles^[@CR29]^, we are confident that inserting the swabs to this depth permitted sampling of the distal colon and not the cloaca. The swabs were housed in a sterile sheath, the entire apparatus was inserted into the cloaca and the swab tip was extruded when correct placement of the sheath had been achieved within the colon. The swab tip was then retracted back into the sheath prior to extraction. The tip of the swab was cut using a sterile wire cutter, placed into a sterile Eppendorf tube without buffer, and sealed. Turtles were then permitted to return to the ocean. Total sample collection time was approximately 10 minutes. The Eppendorf tube containing the swab was immediately placed into a portable cool box filled with ice, and once back at the field station they were frozen at −20 °C for approximately 3--4 days. Swabs were transported back to the laboratory using dry ice (−78.5 °C), where they were stored at −80 °C until extraction could take place approximately 1 week later.

Analysis of blood {#Sec6}
-----------------

Immediately after blood had been collected, one milliliter was transferred into a lithium heparin container (BD Microtainer tubes, Becton Dickinson, Franklin Lakes, New Jersey, USA) and the remainder into plain BD Microtainer Tubes (Becton Dickinson). At this same time a drop of fresh blood (without anticoagulant) was placed onto a microscope slide, smeared using the beveled edge of another slide and allowed to air-dry. The blood tubes were then placed into a portable ice pack and taken back to the field laboratory. Once at the field laboratory, the packed cell volume (PCV) was determined using standard centrifugation in microhematocrit tubes and the microscope slides were stained with Romanowsky stain (Rapid Diff, Australian Biostain Pty. Ltd., Traralgon, Victoria, Australia). Leukocyte differential counts were performed manually on blood films, and white cells were classified as heterophils, lymphocytes, eosinophils, basophils, or monocytes^[@CR30]^. Heterophil/eosinophil counts were performed manually using a hemocytometer and by staining whole blood with phloxine B (made in-house). The total white blood cell (TWBC) count was calculated by correcting the manual count for the percentage of heterophils and eosinophils present^[@CR31]^. In addition, we calculated the heterophil/lymphocyte ratio (H:L) as a measure of stress^[@CR32]^. Both PCV and TWBC counts were determined within 3 h of blood collection. Blood in the plain tube was centrifuged, and the resultant serum removed and stored in a portable freezer (−20 °C) in the field for a maximum of three days. The serum was then transported to the lab on dry ice and frozen at −70 °C for up to 2 months until analysis. Serum was analyzed using the avian-reptilian rotor on the Vet Scan analyzer (Abaxis, Union City, California, USA). Parameters able to be measured using the Vet Scan analyser include aspartate aminotransferase (AST), uric acid (UA), creatinine kinase (CK), total protein (TP), glucose (Glu), calcium (Ca^2+^), phosphate (Phos), albumin (Alb), globulin (Glob), potassium (K^+^), and sodium (Na^+^).

DNA extraction of cloacal swabs {#Sec7}
-------------------------------

DNA was extracted manually using the phenol-chloroform method^[@CR33]^. In each Eppendorf tube, 500 μL of extraction buffer (20 mM ethylenediaminetetraacetic acid (EDTA), 0.1 M Tris, 1% cetrimonium bromide, 56 mM NaCl, pH 8) was added so that swabs were completely covered. We then added 20 μL of proteinase K (Qiagen proteinase K (10 ml) to each vial, along with 60 μL of 10% sodium dodecyl sulphate. The mixture was then incubated at 55 °C overnight. The next day, 50 μL of 5 M NaCl and 500 μL of phenol was added, and the tubes shaken until an emulsion was formed. They were then incubated at room temperature for 10 minutes, with intermittent mixing. The tubes were then centrifuged at 10,000 RPM for 10 minutes and the supernatant removed and added to a new tube containing 250 μL phenol and 250 μL chloroform:isoamyl-alcohol (24:1). The tubes were again centrifuged at 10,000 RPM for 10 minutes and the resultant supernatant added to a new tube containing 500 μL of chlorophorm:isoamyl-alcohol. Once again, the tubes were centrifuged at 10,000 RPM for 10 minutes. The supernatant was then added to a new tube containing 3 M Sodium Acetate at a volume equal to 10% of the extraction solution. We then added 1 ml of ice-cold 99% ethanol to each test tube and then placed them into a freezer at −20 °C for 1 hour. The tubes were then centrifuged at 4 °C at 12,000 RPM for 10 minutes. The fluid in the test tube was then removed with a glass pipette and 1 ml of ice-cold 70% alcohol was added. The tubes were centrifuged a final time at 4 °C at 12,000 RPM for 5 minutes. After centrifugation the alcohol was removed and the lids left off the tubes to allow the DNA pellet to dry. Once dried, 25 μL of 1 x Tris-EDTA (TE) was added to each tube and the extracted DNA was stored at −20 °C until amplicon sequencing could take place.

rRNA gene amplicon sequencing {#Sec8}
-----------------------------

The V3-V4 region of 16 S rRNA genes were amplified with forward primer 5′ ACTCCTACGGGAGGCAGCAG 3′ and reverse primer 5′ GGACTACHVGGGTWTCTAAT 3′ using Q5 high fidelity polymerase (New England Biolabs) using the barcoding strategy of Fadrosh, *et al*.^[@CR34]^. Sequencing was performed on an Illumina MiSeq system (2 × 300 bp).

Data processing {#Sec9}
---------------

Sequence data was analysed using QIIME version 1.9.1^[@CR35]^ using default parameters and a Phred quality threshold of \>20. The UCLUST algorithm^[@CR36]^ was used to pick OTUs at 97% sequence identity and a Biome table was produced. Potentially chimeric sequences were identified using Pintail^[@CR37]^. BLAST was used to assign taxonomy against the Greengenes database^[@CR38]^ and QIIME version 1.9.1 defaults. Additional assignment of taxonomy was performed using a command line version of BLASTN^[@CR39]^ against the NCBI 16S Microbial database.

Statistics and data analysis {#Sec10}
----------------------------

For blood results, statistical analysis was performed using the statistical software program R (R Development Core Team 2015). For all data collected, ranges were calculated by Dixon Q test analysis of data with outliers (defined by a D/R ratio greater than 1:3) excluded. Data were assessed for normality with the Shapiro-Wilk test. For normally distributed data, Welch's two sample t-test was conducted to identify whether there was a significant difference in hematologic and biochemical values between populations, and for non-normally distributed data we used the Wilcoxon Rank sum test. Significance was accepted at p \< 0.05.

Microbiota data was rarefied to a depth of 3,000 sequence reads and initial exploration of the Biome table data was performed using the online Calypso software (<http://cgenome.net/wiki/index.php/Calypso>)^[@CR40]^. Data was further analysed in R, utilising the package 'phyloseq'^[@CR41]^. Alpha diversity (what species are present and how many different types of species are present with a sample) was explored using Observed OTUs (the number of different OTUs seen), Shannon index (a measure of how evenly microbes are distributed within a sample) and Chao1 (a measure of the predicted number of OTUs within a sample, given that there is a finite number of OTUs in that community) estimates. Alpha diversity was tested for normality using the Shapiro-Wilks test and then parametric and non-parametric methods were adopted to test for significant differences between groups. Both Observed OTUs (W = 0.89, p \< 0.01) and Shannon diversity (W = 0.85, p \< 0.01), were not normally distributed, so comparisons were made using the Kruskal-Wallis test. Chao1(W = 0.97, p = 0.13), was normally distributed and so comparisons between populations were made using Welch's two sample t-test. Beta diversity (how similar or different are samples) was investigated using non-metric multidimensional scaling (NMDS) (Bray-Curtis) and Adonis tests. The variance of each group plotted by the NMDS analysis was tested with multivariate homogeneity of group dispersion.

To determine if microbiota samples was correlated to haematological and biochemical data we combined individual blood parameter results with the microbiota NDMS coordinates (NDMS1 and NDMS2) for each turtle. Each blood parameter was analysed independently against the microbiota composition for the entire population of each locality. We confirmed the suitability of this data for linear model testing by exploring the homogeneity of variances (residuals vs fitted plots and scale-location plots), the normality of residuals (Q-Q plots), and Cook's Distance. Although some relationships had the appearance of being non-monotonic when fitted with a loess smoothed line (Supplementary Fig. [1](#MOESM1){ref-type="media"}), an examination of the diagnostic plots still supported a best interpretation that the residuals of all model(s) were suitable for linear fitting. OTUs were subjected to a similar screening prior to investigating their relationships with the two NMDS coordinates (see below). Because the interaction of population and NMDS coordinates was of interest, linear models included the main effects population and NMDS coordinate, as well as the interaction term site:NMDS (i.e. each blood parameter was tested as a function of NMDS1 + population + NMDS1 x population, and this was repeated for NMDS2). Given the high number of repeated tests we elected to use a significance threshold of p = 0.01 to help control for familywise Type I error.

Results {#Sec11}
=======

Blood results {#Sec12}
-------------

We found significant differences between the two populations for PCV (t = 4.02, df = 32.96, p \< 0.01), heterophils (t = −3.01, df = 34.09, p = 0.01), heterophil/lymphocyte ratio (H:L) (W = 90, p = 0.02), basophils (W = 241, p \< 0.01), uric acid (t = −6.28, df = 27.85, p \< 0.01), total protein (W = 292.5, p \< 0.01), globulin (W = 278, p \< 0.01), albumin (W = 81, p \< 0.01) and potassium (W = 283, p \< 0.01) (Table [1](#Tab1){ref-type="table"}).Table 1Comparison of hematology and serum biochemistry results for free-ranging nesting flatback turtles (*Natator depressus*) captured at Crab Island, September 2016, and Port Hedland, October 2016.ParameterCrab Island (*n* = 20)Port Hedland (*n* = 17)ptdfWRangeMean ± SERangeMean ± SEPCV (%)24.0--38.030.9 ± 4.129.0--43.036.5 ± 4.4\<0.014.0332.96N/ATWBC (10^3^/µL)3.8--137.9 ± 3.33.0--11.16.5 ± 2.60.29N/AN/A135Heterophils (10^3^/µL)2.2--8.54.4 ± 1.71.0--5.62.9 ± 1.20.01−3.0134.09N/ALymphocytes (10^3^/µL)0.6--5.72.6 ± 1.60.8--6.02.7 ± 1.70.80N/AN/A179H:L0.8--4.82.2 ± 1.20.6--3.01.4 ± 0.70.02N/AN/A90Monocytes (10^3^/µL)0.0--0.70.2 ± 0.20.0--0.70.2 ± 0.20.94N/AN/A167Eosinophils (10^3^/µL)0.2--1.80.6 ± 0.40.0--1.40.1 ± 0.10.64N/AN/A154Basophils (10^3^/µL)0.0--0.40.1 ± 0.10.0--0.40.1 ± 0.10.03N/AN/A241Aspartate aminotransferase (U/L)94.0--493.0184.2 ± 100.892.0--317.0185.8 ± 77.30.90N/AN/A174.5Creatinine kinase (U/L)182.0--1464.0527.7 ± 360.6111.1--1040.0455.1--302.90.40N/AN/A142Uric acid (µmol/L)24.0--111.059.0 ± 24.55.0--51.020.4--11.5\<0.01−6.2827.85N/AGlucose (mmol/L)3.5--6.34.7 ± 0.83.5--5.64.4 ± 0.50.11−1.6433.4N/ACalcium (mmol/L)0.9--5.02.9 ± 0.80.5--5.02.7 ± 1.40.87N/AN/A164Phosphorus (mmol/L)2.4--4.53.0 ± 0.52.1--7.03.3 ± 1.20.88N/AN/A175.5Total protein (g/L)26.0--47.034.8 ± 6.333.0--78.046.0 ± 9.9\<0.01N/AN/A292.5Albumin (g/L)10.0--25.015.4 ± 4.413.0--37.021.8 ± 5.1\<0.01N/AN/A281Globulin (g/L)15.0--26.019.3 ± 3.419.0--40.024.3 ± 5.4\<0.01N/AN/A278Potassium (mmol/L)5.0--8.26.4 ± 0.76.2--12.07.9 ± 1.9\<0.01N/AN/A283Sodium (mmol/L)143.0--159.0149.7 ± 4.5142.0--160.0149.2 ± 5.10.68−0.332.26N/AAnalytes were tested for normality using the Shapiro-Wilk test and then parametric and non-parametric methods were used to test for differences between locality.

Microbiota composition {#Sec13}
----------------------

After rarefaction, 16S rRNA gene sequence were able to be included from 19 animals from Crab Island and from 10 animals from Port Hedland. In total, we identified 274 operational taxonomic units (OTUs) (Supplementary Table [S1](#MOESM1){ref-type="media"}). Within the microbiota, *Firmicutes* was by far the most predominate phylum in animals from Crab Island, while *Proteobacteria* was the most commonly identified phylum in Port Hedland turtles, followed by *Actinobacteria*, *Bacteroidetes* and *Firmicutes* (Fig. [1](#Fig1){ref-type="fig"}). Microbial diversity differed markedly among flatback turtle groups for all Alpha diversity metrics, Observed OTUs (χ^2^ = 17.26, df = 1, p \< 0.01), Shannon diversity (χ^2^ = 16.30, df = 1, p \< 0.01), and Chao1 estimates (t = −7.05, df = 16.97, p \< 0.01) (Fig. [2](#Fig2){ref-type="fig"}). NMDS analysis of microbiota composition indicated that animals from Port Hedland clustered closely together, with similar overall composition, while animals from Crab Island had a more diverse pattern (Fig. [3](#Fig3){ref-type="fig"}). The observed differences between populations were statistically significant (df = 1, SS~T~ = 2.84, MS~T~ = 2.84, f = 10.2, R^2^ = 0.27, p \< 0.01). Beta dispersion analysis of the NMDS plot revealed that there were significant differences in variance between microbiota composition for the two locations (df = 1, SS~T~ = 0.19, MS~T~ = 0.19, f = 5.64, p = 0.03). Overall, 26 (28.2%) of the OTUs were shared between the two populations (Supplementary Table [S2](#MOESM1){ref-type="media"}). Sixty-one (66.3%), OTUs were unique to animals from Port Hedland, in comparison to 5 (5.4%) unique OTUs from animals from Crab Island (Supplementary Table [S2](#MOESM1){ref-type="media"}).Figure 1Relative abundance of microbial phyla in each flatback turtle group, CI and PH, show significant differences between the two populations. Firmicutes was far more abundant in Crab Island animals compared to Port Hedland animals, while Actinobacteria and Proteobacteria were more abundant in Port Hedland animals compared to Crab Island animals.Figure 2Alpha diversity estimates for gut microbial communities for flatback turtles from Crab Island, Queensland and Port Hedland, Western Australia. Individual points and brackets represent the richness estimate and the theoretical standard error range associated with that estimate, respectively. Within each panel, the samples are organized into location of capture, and a boxplot is overlaid on top of this for the two groups. Significant differences existed for all alpha diversity metrics, Observed OTUs (χ^2^ = 17.26, df = 1, p \< 0.01), Shannon diversity (χ^2^ = 16.30, df = 1, p \< 0.01), and Chao1 estimates (t = −7.05, df = 16.97, p \< 0.01).Figure 3NMDS plot of Bray-Curtis distances for gut microbiota in flatback turtles from two locations, Crab Island, and Port Hedland. Each point represents the gut microbiota of an individual turtle. Observed differences between the two populations were significant (Adonis R^2^ = 0.27, p \< 0.01).

Correlation of blood and microbiota results {#Sec14}
-------------------------------------------

No correlation was found between microbiota composition and any of the blood parameters analysed in this investigation PCV (NMDS1 p = 0.82, NMDS2 p = 0.71); TWBC (NMDS1 p = 0.14, NMDS2 p = 0.99), lymphocytes (NMDS1 p = 0.22, NMDS2 p = 0.79), heterophils (NMDS1 p = 0.14, NMDS2 p = 0.95); heterophil:lymphocyte ratio (NMDS1 p = 0.47, NMDS2 p = 0.71); monocytes (NMDS1 p = 0.61, NMDS2 p = 0.46), eosinophils (NMDS1 p = 0.96, NMDS2 p = 0.60), basophils (NMDS1 p = 0.05, NMDS2 p = 0.46); aspartate aminotransferase (NMDS1 p = 0.64, NMDS2 p = 0.68), creatinine kinase (NMDS1 p = 0.74, NMDS2 p = 0.53), uric acid (NMDS1 p = 0.71, NMDS2 p = 0.70); glucose (NMDS1 p = 0.81, NMDS2 p = 0.24), calcium (NMDS1 p = 0.62, NMDS2 p = 0.86); phosphate (NMDS1 p = 0.82, NMDS2 p = 0.34), total protein (NMDS1 p = 0.37, NMDS2 p = 0.72); albumin (NMDS1 p = 0.09, NMDS2 p = 0.9); globulin (NMDS1 p = 0.86, NMDS2 p = 0.67); sodium (NMDS1 p = 0.09, NMDS2 p = 0.83); and potassium (NMDS1 p = 0.29, NMDS2 p = 0.39) (Supplementary Fig. [S1](#MOESM1){ref-type="media"}, Supplementary Table [S3](#MOESM1){ref-type="media"}).

Discussion {#Sec15}
==========

Despite demonstrating significant differences in blood parameters and in microbiota composition, in separate populations of the same sea turtle species, we did not detect any observed differences that were mediated by host-microbiota interactions, or by other extraneous factors. While we did not demonstrate blood parameters in these animals that were influenced by bacterial community structure, our results need to be interpreted with the knowledge that these experiments were not performed in a controlled laboratory setting. Housing adult sea turtles in a captive environment in sufficient numbers to perform such an investigation is impossible. Furthermore, captivity has been shown to markedly affect the microbiota of a range of non-domestic species^[@CR42]--[@CR49]^, and so this would be a major confounding factor for any manipulative study involving captive wildlife. In a similar manner, under certain circumstances, manipulative investigations using human subjects maybe impractical or unethical and so a range of disparate vertebrate species are used to model specific conditions, from which human physiological responses are inferred^[@CR50],[@CR51]^. Therefore, it is important to note that throughout the discussion we offer plausible accounts for any observed differences in parameters based on available literature in multiple species, but we recognise that they may not be definitive explanations for our experimental results. Importantly, we are unable to say categorically that any observed correlation between microbiota and blood parameter is as a result of host-microbiota, or microbiota-host interactions. Investigations such as ours that focus on uncommon, or difficult to access species, in wild environments, are important for advancing our understanding of the microbiota and the role that it has played in shaping vertebrate evolution.

In this study, we discovered a significant difference for PCV between the two populations of flatback turtles. In mammals, PCV has been linked to microbiota composition, particularly during periods of inappetence, such as during hibernation. At these times there is a decrease of expression of the rate-limiting enzyme of bile acid production CYP7A1 in the liver of hibernating animals^[@CR52]--[@CR54]^, and given that the microbiota contributes to bile acid production, this decreased bile acid regulation may result in a relative increase in circulating bile acids^[@CR55]^. Certain bile acids, such as deoxycholic acid, and lithocholic acid, both of which are dependent on the microbiota, are known to have haemolytic activity, which may result in destruction of red blood cells, thus lowering PCV^[@CR54]^. Similarly, sea turtles undergo periods of complete or reduced fasting during the breeding and nesting phases of their life^[@CR56]^, which may result in a concurrent rise in circulating bile acid concentration within the blood. Therefore, it may be expected that the differences in microbiota observed between the two populations may have influenced bile acid production, and as a corollary, PCV in this study. However, we were not able to demonstrate any measurable relationship between microbiota and PCV in this investigation. Furthermore, we were not able to measure bile acids to determine if differences in microbiota resulted in differences in bile acid levels, nor were we able to assess if there were differential foraging efforts between animals of the two populations during nesting. Additionally, no data exists for PCV levels of foraging flatback turtles, so we were unable to determine if the PCV in our results were different than would be expected in non-breeding turtles. In the absence of microbiota exerting any effect on PCV, the most likely explanation for this observation is due to differences in hydration. In comparison to Crab Island animals, Port Hedland flatbacks had a relative increase in PCV and total protein, which may be an indication of mild dehydration in these animals^[@CR57]^. In humans, the microbiota has been shown to influence the cellular transport of solutes through the gut mucosa and contribute to the hydration of individuals, due to changes in plasma osmolality^[@CR58]^.

During this study we noted a significant difference in total protein, albumin, and globulin between the two groups of turtles. Protein levels in reptiles may change in response to hydration, vittelogenesis in females, inflammation, liver, kidney and gastrointestinal function, season, and feeding or fasting status^[@CR20]^. In humans suffering from primary biliary cirrhosis, alterations in the microbiota are implicated in changes to total protein and globulin, as well as a range of liver-specific enzymes^[@CR59]^. There was no evidence that any of the turtles in either of our study sites were obviously unwell, but we did not perform any liver-specific functional testing. The role that the microbiota plays in hepatic protein synthesis and metabolism in sea turtles remains unknown. Another possible explanation for differences in protein levels may relate to periods of inappetence. Flatback turtles from Western Australia undergo a shorter migration to their natal beaches than Crab Island turtles, as they forage relatively close to their nesting rookeries^[@CR60]^. This might mean that turtles from Crab Island are inappetant for a longer period of time, and therefore will undergo greater protein catabolism in an effort to fuel their migration, thus resulting in relatively lower serum protein levels.

Related to the observed alterations in serum proteins in this study, was the differences in uric acid concentration. The role that both the small and large intestinal microbes play in dietary protein metabolism are well known^[@CR61]^. Secondary metabolites from bacterial degradation of peptides is dependent on the type of proteins ingested, as well as the composition of the intestinal microbial community^[@CR61]^. In chelonians, the end product of purine metabolism may be a combination of ammonia, urea and uric acid, with the proportion of each metabolite -dependent on species and life history^[@CR62],[@CR63]^. Hyperuricaemia is associated with alteration of the gut microbiota in mice^[@CR64]^, but we did not demonstrate that differences in microbial communities between flatback turtle populations accounted for differences in uric acid levels. We did not assess microbial function and protein metabolism as a component of this study, but the role that the microbiota plays in protein degradation in sea turtles warrants further investigation, and may also explain the correlations that we observed with total protein, albumin, and globulin.

Hyperkalaemia is commonly associated with chronic renal disease in humans, and may be exacerbated by alterations in the microbiome^[@CR65]^. We did not see a correlation between microbiome and potassium levels in flatback turtles, but assessing renal function in chelonians is difficult without the use of endoscopic biopsies^[@CR66]^ or other techniques beyond the scope of this study. The blood parameters reported in this investigation are the first reported for the flatback turtle and determining what is normal for blood potassium levels is difficult, so it may be that animals from Crab Island are hypokalaemic.

We found that absolute heterophil and basophil numbers differed between populations but in our investigation, it did not appear that this was mediated by differences in microbiota composition. In mammals, the function of the immune system is intrinsically linked to the microbiota due to the immunomodulatory effects of a number of bacterial metabolites, such as, short-chain fatty acids^[@CR67]^, bacterial polysaccharides^[@CR5]^, and aryl hydrocarbon receptor ligands^[@CR68]^. These metabolites are important regulators of haematopoiesis^[@CR69]^, they promote immune cell emigration^[@CR70]^, guide lymphoid organogenesis^[@CR5]^, control inflammatory responses^[@CR67]^, and directly inhibit pathogens^[@CR68]^. There have been no investigations into the role that microbial metabolites play in reptilian immune development, but it is likely that similar relationships exist in all vertebrates, based on the highly conserved nature of immune function in animals^[@CR7]^. Alterations in the relative abundance of bacterial phyla within the microbiota of mice have been associated with increased risk of inflammatory disease^[@CR67]^, and deficits in innate immune cell populations^[@CR69]^. Therefore, it is plausible that the relative increase in Firmicutes, may be associated with a decrease in circulating heterophils and basophils in animals from Port Hedland, due to inhibition of cell maturation, or egression from the bone marrow due to alterations in bacterial metabolite concentrations. This may have been more apparent if we had been able to measure some of these metabolomics, rather than relying solely on microbiota composition as a measure of immune function. The role that the microbiota plays in reptile immunity warrants further investigation and is an important step in understanding the vertebrate-microbiota relationship and its evolution.

We detected a difference in stress indicators between the two populations of turtles, with animals from Crab Island having a higher H:L ratio than animals from Port Hedland (p = 0.015, Table [1](#Tab1){ref-type="table"}). Some researchers have shown that specific bacterial populations may exacerbate or dampen the stress responses in mice, and that it may be controlled with supplementation of probiotics^[@CR71]^. However, in our data we did not find any correlation between microbiota and stress, and interpreting indicators of stress in wild animals is complex^[@CR72]^. The observed differences in our study may be due to the presence of saltwater crocodiles (*Crocodylus porosus*) in the water and on the beaches of Crab Island, which are predators of both adult turtles and hatchlings and have been reported to occur over the nesting season on Crab Island^[@CR73]^.

Haematology and biochemistry parameters in reptiles are dynamic, and change considerably in response to a variety of intrinsic and extrinsic factors such as age, sex, reproductive status, nutrition, climate, and season^[@CR20],[@CR30],[@CR74]--[@CR77]^. These changes are not necessarily representative of changes in health status, but are more reflective of the body's response to altered physiological state. Therefore, it is fundamentally incorrect to infer health or illness, when making comparisons between individuals (or populations), across different life stages or under disparate environmental conditions. As a result, we have made no attempt to compare our results with non-nesting females, as it is expected that there would be considerable differences due to the increased physiological demands of vitellogeneis and fasting that accompanies egg production and laying in sea turtles. Additionally, blood results for non-nesting flatback turtles are non-existent, and we would only be able to make comparisons with other sea turtle species which is even less valid than between animals within the same species, but at different life stages.

In this investigation we show results that indicate that microbiota composition does not play a significant part in determining some of the blood parameters of flatback turtles. The role that specific OTUs play in modulating inflammation, immune maturation, protein and mineral metabolism, and overall health of reptiles is an area that requires further study. This research highlights the importance of interpreting both blood parameters and microbiota in the context of locality.
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